The resonance frequency of a quartz bulk acoustic wave resonator is sensitive to temperature. This sensitivity has been exploited in thermometers made of single, macroscopic quartz resonators which can accurately detect temperature changes of microkelvins. It has been theoretically shown that a microresonator can be a high performance IR sensor and sensor array, combining its small thermal mass and high thermal isolation capability, the steep frequency vs. temperature characteristics of resonators made of certain cuts of quartz, and the intrinsic
INTRODUCTION
The performance of any thermal detector is determined mainly by: 1) the steady-state response, given by:
where P = power absorbed from the heat source, AT = the temperature rise due to P, and G = the thermal conductance from the sensitive element to a heat sink; 2) the noise of the detector relative to the signal produced by AT, which limits the degree to which the AT can be resolved; and 3) the time constant T~ of the detector element, given by:
where C is the heat capacity of the element.
For an IR sensor, the most important parameters are the microresonators': 1) temperature coefficient of frequency, 2) noise, 3) thermal conductance to a heat sink, 4) heat capacity, and 5) IR absorbance. variety of (bulk or thin film) piezoelectric materials, Microresonators may be fabricated from a large especially since the materials need not possess temperature-compensated cuts. Although materials other than quartz (e.g., ZnO, GaAs, langasite, etc.) may, eventually, prove to be more suitable than quartz for microresonator sensors, the discussion that follows shall be confined to quartz microresonators.
The resonator cut for microresonator sensors may be chosen from among a wide variety. Some of ppmPC) [7] , or any other cut that can be made thin and have a well-behaved temperature sensitive mode. A 160 MHz AC-cut resonator was selected for the experiments primarily because of the availability of a source for fabricating such
The feasibility of a quartz microresonator IR sensor was theoretically discussed in a previous article [l] . An IR sensor was proposed which can be fabricated by micromachining a quartz microresonator, i.e., a high frequency resonator having etched isolation channels along its boundary.
In this paper, the results of experiments on a prototype microresonator sensor are reported. were employed, but the dimensions of those resonators were not in the category of a microresonator, resulting in impractically long time constants. A 100 MHz fundamental mode Z-cut [l l] was also tried; however, practical device performance was not achieved.
Quartz itself is an IR absorbing material [12] , and the IR absorption of quartz resonators has been explored, e.g., by J. R. Vig for fast oscillator warmup using IR heating [13] . In order to utilize the direct absorption, the unelectroded surface area of the quartz plate needs to be maximized since the electrodes of a conventional resonator reflect most of the IR energy. Thin films that have a sheet resistance which is half the impedance of free space, i.e., 188 R per square, can absorb 50% of incident IR radiation [14] . (The impedance of free space is 377 R.) At such an optimum film thickness, 50% of the incident IR radiation is absorbed, 25% is reflected, and 25% is transmitted. The absorption can be increased to > 50% by creating multiple passes of the IR through the front of the enclosure and a reflecting film on the resonator, e.g., by having an antireflection film on the back side. This uniform absorption coating can be applied without difficulty from 0.2 pm to 8 p, where strong reflection bands don't exist.
In addition to the coating, ring electrodes [IO] and gridelectrodes [ I l l can also be employed.
Design goals of our resonator included a high Q together with high IR absorption. Since the microresonator is to be thin (in this experiment, about IO pm), a very thin and light IR absorbing
The coating should not degrade the Q.
coating is more desirable than a thick heavy coating. Fig. 1 shows a photograph of a microresonator used in these experiments. It is mounted in an open 3.9 x 8.4 x 2 mm' ceramic package. The AC-cut (31"46' rotated y-cut) was selected because the AC-cut has a frequency vs. temperature coefficient of +20 ppmPC, and because a source for fabricating small, high frequency AC-cut resonators was available [S] . The dimensions of the resonators were 400 x 400 x 10 pm', 500 x 500 x IO pm', and 600 x 600 x 10 pm', Several different sizes and shapes of electrodes were tried. The 400
FABRICATION OF DEVICES
x 400 pm* devices showed lower Q's and were noisier than the other sizes probably because of a lack of suitable energy trapping, so the least noisy devices (at room temperature) from the 500 x 500 p m 2 and the 600 x 600 pm* sizes were selected for evaluation.
In the thermal IR sensor family, the thermal isolation of the sensor from the rest of the structure is one of the crucial performance issues. The isolation was accomplished with two chemically etched bridges supporting the microresonator as shown in Fig. 1 . The width, thickness, and length of the bridge were designed to be 50-100 pm, IO pm, and 200-300 pm, respectively. The supporting frame was thick enough to provide sufficient mechanical strength for handling. an FTIR spectrometer. The blackbody IR absorption of the bare quartz plate for 500 K blackbody was calculated to be 41% over the 2.5-25 pm range. Of the coatings tried, the 100 A titanium coating produced the largest increase in the IR absorption, to 51%; thus, this coating was specified to be used on the 160 MHz resonators of this experiment. The cut and thickness of quartz used in the IR absorption experiments were solely for convenience and mechanical stability. The difference in rotation angles between the AT-cut and AC-cut does not make much difference in the overall absorption. The two cuts have slightly different spectral responses due to the anisotropy of the optical indices of quartz. The IR absorption of quartz is known to be highly anisotropic, with several absorption bands at 9, 13, 20, and 26 pm along reflection peaks in the near to far IR range [12] . The spectral absorption of the coatings tried did not show a uniform absorption over the wavelengths, due to these bands. A conventional gold black coating would be inappropriate for a uniform absorption spectral coating since it would Thin and light black coatings need to be developed imply heavy mass loading on the microresonator.
in future experiments. Fig. 2 shows a block diagram of the measurement setup. The resonator under testing was placed into a vacuum chamber. The zinc selenide IR widow had an IR transmittance of 70%. A vacuum level of -10" Torr was maintained in the chamber during the measurement to eliminate the effects of air on the Q and thermal conductance. Q factor measurement was not attempted in this experiment. The 500 K blackbody IR source with a 0.5 cm or 1.0 cm (0.2 inch or 0.4 inch) aperture was placed 94 cm (37 inches) from the device.
MEASUREMENT METHOD
To remove the drift of the resonant frequency due to the IR absorption caused heating, a mechanical chopper was employed to modulate the IR flux. The chopping rate employed was 1-4 Hz, with 50% duty cycle. The chopped IR flux at the position of the device was calculated to be 0.79 and 32 pwlcrn-' for the 0.5 cm or 1.0 cm apertures, respectively.
The heat capacity and the mass of the 500 x 500 pm' device were calculated to be 5.2 J/K and 6.6 pg, respectively. The corresponding values for the 600 x 600 pm' device were 7.5 J/K and 9.5 pg. The thermal time constants for both sizes were 100-170 ms, calculated from the dimensions of the isolation bridges and of the microresonator.
A network analyzer was utilized to track the resonant frequency. To follow the frequency modulated by the chopping was not possible in a frequency scanning mode since tracing the resonant sensor. Thus, the measurement was performed with frequency was slow compared to the response of the a fixed frequency measurement of S1 1. The fixed frequency was picked at the resonant frequency from the minimum S1 1 data point at the onset of the measurement using a control program. The measurement bandwidth was 10 Hz (the minimum bandwidth of the network analyzer) and 1024 data points with 0.1 S interval (i.e., a 102 S period) were collected by the controller.
RESULTS
The magnitude and phase data were analyzed with 2N points (where N is an integer) Fourier transform in complex domain to reveal the frequency component associated with the chopping frequency. At least 256 data points (i.e., a 25.6 S period) were peak from the background. Further digital filtering needed to reveal a conspicuous chopping frequency was not applied here.
Real domain Fourier transform was also applied to the magnitude and phase. The peak was more conspicuous in the phase than the magnitude due to higher sensitivity of the phase measurement. The real domain Fourier transform applied to the phase data could give similar results with the complex domain Fourier transform to the phase and the magnitude data.
A typical magnitude versus Fourier frequency of the complex domain Fourier transformed data is shown in Fig. 3 . The scale in the magnitude axis is in an arbitrary unit. The steady rise of the magnitude toward the DC component is caused by the drift of the resonant frequency due to heating by the absorbed IR. The peak around 1.5 Hz associated with the chopping frequency can be easily recognized. The peak could be observed up to a 4 Hz chopping rate, with decreased magnitude as the chopping rate approaches the time constant of the sensor. At the fast chopping rate, the chopped In this experiment, when the chopping frequency component is visible from the Fourier transformed data, the microresonator is regarded as being capable of detecting the incident IR flux. This can be translated into a figure of merit for IR sensors, detectivity D*. Noise equivalent power PN, which is the amount of incident rms signal power having an output signal-to-noise ratio of unity, is obtained by
PN = H . AD (3)
where H is the irradiance and A , is the sensor area.
The definition of D* is [l 51 where BWis the measurement bandwidth. By developing a higher Q, lower noise resonator and measurement system, and with a better absorption coating than the prototype, D* greater than 10' cmHzo~'watt-' ought to be possible [l] . Further measurements will be necessary to determine the IR spectral response of our device. 
SUMMARY

